Flavivirus is a genus of emerging and re-emerging arboviruses which include many 22 significant human pathogens. Non-structural protein 3 (NS3), a multifunctional protein with 23 N-terminal protease and C-terminal helicase, is essential in viral replication. The NS3 24 protease together with NS2B cofactor is an attractive antiviral target. A construct with an 25 artificial glycine linker connecting the NS2B cofactor and NS3 protease has been used for 26 structural, biochemical and drug-screening studies. The effect of this linker on dynamics and 27 enzymatic activity of the protease was studied by several biochemical and NMR methods but 28 the findings remained inconclusive. Here, we designed constructs of NS2B cofactor joined to 29 full length DENV4 NS3 in three different manners, namely bNS2B 47 NS3 (bivalent), 30 eNS2B 47 NS3(enzymatically cleavable) and gNS2B 47 NS3 (glycine-rich G4SG4 linker). We 31 report the first crystal structures of linked and unlinked full-length NS2B-NS3 enzyme in its 32 free state and also in complex with Bovine Pancreatic Trypsin Inhibitor (BPTI). These 33 structures demonstrate that the NS2B-NS3 protease mainly adopts a closed conformation.
Introduction
pandemic DENV and epidemic ZIKV infections in the past years due to globalisation and 48 urbanisation call for countermeasures such as the development of potent antivirals against conformation in which the C terminal region of the cofactor NS2B was disordered (Fig 2A) ; 135 (2) -Closed conformation in which the C-terminus of NS2B loosely forms a beta hairpin (Fig 136 2B, 2D);(3) BPTI-bound closed conformation with similar but less dynamic NS2B C-137 terminus beta hairpin (Fig 2C, 2E) . The correlation between the overall conformations and 138 the unit cell dimensions is apparent from Table S1 . The open conformation was only captured 139 in gNS2B 47 NS3 (Fig 2A) , which closely resembles the structure of DENV4 gNS2B 18 NS3 140 conformation I (PDB id: 2VBC) [35] , while the remaining free enzyme structures are in 141 closed conformation (Fig 2B, 2D) . The gNS2B 47 NS3-BPTI structure and eNS2B 47 NS3-BPTI 142 structures adopt the same conformation (Fig 1E, G) . On the other hand, the bNS2B 47 NS3 143 protein crystals diffracted poorly to about 4 Å and as a result, we failed to find a convincing 144 structure solution by molecular replacement. The unit cell dimensions of bNS2B 47 NS3 145 crystals were similar to the closed conformations of gNS2B 47 NS3 and of unlinked 146 eNS2B 47 NS3, suggesting that the bNS2B 47 NS3 was also in a closed conformation (S1 147   Table) .The data collection and refinement statistics are summarized in Table 1 . 148 Overall, the NS2B 47 NS3 structures adopt an extended shape where the N terminal protease 150 and the C terminal helicase domains are loosely connected through a flexible interdomain 151 linker similar to DENV4 gNS2B 18 NS3 structures (PDB id: 2VBC, 2WHX, 2WZQ) and the 152 MVEV gNS2B 47 NS3 (PDB id: 2WV9) (Fig 2, S3 Fig) [35, 37, 38] . In all NS2B 47 NS3 153 crystals, major crystal contacts are formed between the neighbouring helicase domains, ) while for unlinked eNS2B 47 NS3 constructs, the NS2B co-factor is captured only in 165 closed conformation ( Fig 3D, Fig 3E) . This indicates that the presence of a flexible glycine 166 linker increases the population adopting an open conformation. The RMSDs of protease 167 domain between gNS2B 47 NS3, linked eNS2B 47 NS3, unlinked eNS2B 47 NS3 are less than 0.7 168 Å for 160 Cα atoms. In the free enzyme structures with closed NS2B conformation, the last 169 10-12 amino acids from the cofactor NS2B, the linker, and the first 20 amino acids of NS3 170 are flexible. In eNS2B 47 NS3 structures, the NS2B N terminal 8 residues and 3 residues are 171 flexible for linked and unlinked structures respectively. The electron density of NS2B C-172 terminus for free enzyme closed NS2B conformation structures are relatively weak indicating 173 that the C-terminus of NS2B is dynamic when the active site is not occupied (Fig. 3) .
Interestingly in the unlinked eNS2B 47 NS3 structure, the NS2B/NS3 cleavage peptide 175 (VKTQR) is not occupying the substrate binding site, unlike in the similar ZIKV protease 176 structure, (eZiPro) (PDB accession code 5GJ4) [24] . We also report the crystal structures of demonstrating that the substrate binding on protease domain does not affect the ATPase 227 activity of helicase domain ( Fig 5B) . The ATPase activity of DENV4 NS3 helicase was 228 measured in the presence and absence of BPTI as the control (Fig 5B) . Both k cat and K m of 229 ATP hydrolysis of bNS2B 47 NS3 is slightly slower compared to those of helicase alone, and 230 hence the catalytic efficiencies of both enzymes are similar ( Fig 5B) . binding [11, 12, [25] [26] [27] . Early NMR studies of glycine linked DENV and WNV proteases 236 showed crowded cross peaks due to conformational exchanges [28, 30] . The use of unlinked 237 constructs in the followed-up NMR studies has improved the spectral quality and backbone 238 assignment [29, 32] . The unlinked DENV protease constructs are obtained by 1) replacement 239 of glycine linker with NS2B/NS3 cleavage site (EVKKQR) similar to eNS2B 47 NS3 and 2) by 240 co-expression of NS2B cofactor peptide and NS3 protease similar to bNS2B 47 NS3 [29, 32] .
241
The NMR studies of these unlinked DENV proteases confirmed that the NS2B cofactor is 242 predominantly in a closed conformation. Likewise, NMR studies for similar ZIKV protease, 243 eZiPro, bZiPro, and gZiPro, also showed that the unlinked protease is in a closed 244 conformation [23, 24, 40] . The presence of glycine linker between NS2B and NS3 shifts the 
265
The protease activity assays of different constructs show that bNS2B 47 NS3 and unlinked 266 eNS2B 47 NS3 have comparable k cat while gNS2B 47 NS3 displays the lowest k cat (Fig 4A) . The with substrate release Therefore, a rather loosely associated NS2B-cofactor appears to be the 290 optimal conformation for NS2B-NS3 in vivo.
291
In conclusion, we provide crystallographic evidence that the NS2B cofactor loosely assumes 292 closed conformation around NS3 protease in the full length NS3 in the absence of substrate.
293
In contrast to the unlinked ZIKV protease, eZiPro, the substrate pocket of eNS2B 47 NS3 is not 294 occupied and therefore may be useful for co-crystallisation with inhibitors for antiviral drug 295 discovery. Due to slightly better protease activities, bNS2B 47 NS3 and eNS2B 47 NS3 appear to 296 be better suited for more sensitive high-throughput screening of potential drugs. The bacterial expression plasmid containing wild type NS3 linked to cofactor NS2B residues 303 49-95 was generated by site directed mutagenesis method by inserting NS2B 68-96 to the 304 gNS2B 18 NS3 construct from Luo et al [35] . The eNS2B 47 NS3 construct was generated by 305 replacing the glycine linker with residues 126-130 of NS2B C-terminus which is the 306 enzymatic cleavage site of NS2B/NS3. The eNS2B 47 NS3 L30S F31S and gNS2B 47 NS3 L30S 307 F31S are mutated from eNS2B 47 NS3 WT and gNS2B 47 NS3 WT by site directed mutagenesis.
308
The bivalent full length construct (bNS2B 47 NS3) was synthesized by biobasic.
309
Expression and purification 310 The plasmids containing bNS2B 47 NS3, gNS2B 47 NS3, eNS2B 47 NS3 or mutants were 311 transformed into Escherichia coli BL21(T1R). The transformants were grown in Luria Broth Crystallization, data collection and refinement 331 Crystals were grown by mixing 1 µL of proteins at a concentration of 8.5 mg/ml with 1 µL of 332 precipitant by hanging drop vapour diffusion method (S1 Table) . Cluster of thin plate crystals (Table 1) . For gNS2B 47 NS3 and eNS2B 47 NS3 unlinked datasets, the 342 multiplicity was higher due to the smaller oscillation of the Φ.
343
The solution for gNS2B 47 NS3 with BPTI was solved using PHASER MR (CCP4 suite) using 344 2VBC as search model [37] . The solutions for full length NS3 (gNS2B 47 NS3 and 345 eNS2B 47 NS3) were solved by using PHASER MR (CCP4 suite) using gNS2B 47 NS3 free 346 enzyme structure as search model. The dataset for unlinked eNS2B 47 NS3 has ice rings and 347 therefore the diffractions spots at the resolution shells around 3.4 Å were removed to reduce The numbers in brackets refer to the highest resolution shell. 
